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Abstract 
The aim of this study was to determine the collection efficiency of ultrafine 
particles into an impinger fitted with a fritted nozzle tip as a means to increase 
contact surface area between the aerosol and the liquid. The influence of 
liquid sampling volume, frit porosity and the nature of the sampling liquid was 
explored and it was shown that all impact on the collection efficiency of 
particles smaller than 220 nm. Obtained values for overall collection efficiency 
were substantially higher (~30–95%) than have been previously reported, 
mainly due to the high deposition of particles in the fritted nozzle tip, 
especially in case of finer porosity frits and smaller particles. Values for the 
capture efficiency of the solvent alone ranged from 20 to 45%, depending on 
the type and the volume of solvent. Additionally, our results show that 
airstream dispersion into bubbles improves particle trapping by the liquid and 
that there is a difference in collection efficiencies based on the nature and 
volume of the solvent used. 
 
Keywords: impinger, fritted nozzle, ultrafine particles, collection efficiency 
 2
1. Introduction 
Due to their small size, high number concentration and ability to penetrate 
deeply into the alveoli, ultrafine particles (D<100 nm) are considered to be the 
most hazardous fraction of urban atmospheric particles (Oberdörster, 2000). 
To date, ultrafine particles have been collected for chemical and toxicological 
analysis mostly by filtration, for reasons of practicality and their excellent 
collection efficiency. Nevertheless, there are three major drawbacks of this 
approach - poor recovery of particles from the filter, evaporation of semi-
volatile particulate-phase compounds during the sampling, and adsorption of 
gas-phase compounds onto the filter (Turpin et al., 2000). Another method for 
the collection of particles is through liquid impingement. The collection device 
for this sampling approach is called an impinger or a bubbler. So far, 
impingers have been mainly used for collection of biological aerosols (D>1 
µm) (Grinshpun et al., 1997; Henningson et al., 1988; Lin et al., 1997), where 
the inertial impaction of particles into the liquid was considered to be the 
dominant removal mechanism. Apart from that, the diffusion mechanism also 
plays a role in removal of particles by bubbling through liquid and it becomes 
particularly important in the case of submicron and especially ultrafine 
particles. Liquid impingement is convenient when testing particle surface 
reactivity, preparing samples for toxicological studies, or when ageing of 
particles due to long term sampling may alter their chemical properties. 
In order to conduct quantitative chemical analysis on the particles collected by 
the impingers, it is important to know the portion of the particles being 
collected in the liquid (collection efficiency). Several studies have reported 
collection efficiencies of impingers for particles in the micrometer (D>1 µm) 
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and submicrometer (D<1 µm)  size range (Dart ,Thornburg, 2008; Grinshpun 
et al., 1997; Henningson et al., 1988; Lin et al., 1997; Spanne et al., 1999) 
However, to date, there are only two studies reporting the efficiencies of 
impingers for the collection of ultrafine particles (Hogan et al., 2005; Spanne 
et al., 1999).Spanne et al (1999) found that collection efficiency for particles 
between 20 and 700 nm in size in an all-glass midget impinger with a 
standard nozzle was less than 20%. Hogan et al (2005) reported collection 
efficiencies less than 10% for an All Glass Impinger 30, SKC BioSampler and 
a frit bubbler sampling particles in the 30–100 nm size range. 
Herein, we investigate liquid impingement as a method for collection of 
ultrafine and near-ultrafine particles (D<220 nm) using impingers with a fritted 
nozzle tip. A fritted nozzle tip increases the contact surface between the 
aerosol and the liquid and should, therefore, increase the collection efficiency 
of an impinger. As mentioned previously, the diffusion mechanism for particle 
removal becomes significant for ultrafine particles, so parameters that may 
increase the possibility of particle removal were also explored. 
2. Experimental 
2.1. Impingers 
Two types of impingers were used in this work: SKC Special Midget Impingers  
(25 mL) with coarse glass frit  (170–200 µm) and in-house produced 
impingers (Barloworld Scientific Dreschel bottle head modified to fit Barloworld 
Scientific 75 mL test tube) with frit porosity grade 1 (100–160 µm) and 2 (40–
100 µm). To investigate whether an increase in the time from bubble 
formation until bubble bursting has an effect on collection efficiency, two 
volumes of the sampling liquid were used, namely 20 and 40 mL. This 
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difference of volumes corresponded to ~4.5 cm difference in the height of the 
liquid in the impinger. In the case of the midget impinger, the collection 
volume was 10 mL. In addition, different solvents were used in the impingers: 
heptane, deionised water, 50% dimethyl sulphoxide (DMSO) in deionized 
water and cell culture media (Gibco RPMI Medium 1640; Invitrogen). The flow 
rate through the impinger was 1 L min-1. 
2.2. Experimental set-up 
The experimental set-up is shown in Figure 1. Polydisperse aerosol was 
generated from either a petrol powered generator or a cigarette and 
introduced into a clean 1 m3 chamber. We did not observe any influence of 
the particle chemical composition on the capture process. The concentration 
of aerosol in the chamber was of the order of magnitude of 105 cm-3 and the 
initial median diameters were ~70–100 nm for petrol exhaust and ~110–130 
nm for sidestream cigarette smoke. All diameters presented in the manuscript 
were measured with an SMPS and therefore present mobility diameters. 
Aerosol was drawn from the chamber and passed first through the 
Electrostatic Classifier (TSI 3071A), where particles of a specific size were 
selected. Monodisperse aerosol generated in that way was then bubbled 
through the impinger and its size distribution was measured upstream and 
downstram from the impinger by using two Scanning Mobility Particle Sizers 
(SMPS) operating simultaneously. Both of the SMPS systems consisted of a 
custom-made Differential Mobility Analyser and TSI 3010 Condensation 
Particle Counter. Generation of monodisperse aerosol and simultaneous 
SMPS measurement allowed any physical changes of polydisperse aerosol 
within the chamber to be neglected. Tubing lengths from the monodisperse 
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aerosol splitting point to the DMA inlets were approximately the same length 
and any losses that may have occurred in the tubing were assumed to be the 
same. The diffusion dryer connected to the outlet of the impinger was filled 
with charcoal if organic solvent was used or with silica gel when using water. 
For these experimental conditions, the evaporation rate of heptane was found 
to be approximately 0.15 mL min-1, so after ~10 minutes of sampling, the 
impinger was refilled with heptane to its initial volume. In the case of water 
and 50% DMSO, no obvious reduction of volume was observed after 30 min 
of bubbling.Measurements were performed for 18 different particle sizes in the 
size range 13–200 nm with the difference between two subsequent measured 
sizes set approximately to 10 nm. (INSERT FIG 1) 
2.3. Collection efficiency 
Impinger collection efficiency was calculated based on the comparison of 
particle number concentration as measured by the SMPS systems upstream 
(Nupstream) and downstream (Ndownstream) from the impinger. In these 
calculations three factors were taken into account: 1. number concentration 
difference between two SMPS readings due to the losses in the diffusional 
dryer; 2. solvent droplets formed by bubble bursting in the impinger; 3. particle 
losses on the fritted nozzle tip. On average 10 measurements were performed 
without the impinger incorporated in the sampling system in order to calculate 
the correction factor due to the losses in the diffusional dryer. To estimate the 
number of solvent droplets formed for each solvent, SMPS scans with a 
HEPA filter in front of the impinger were performed. For the experiments 
where a significant amount of solvent droplets was generated, the number of 
solvent droplets was subtracted from the number of particles detected after 
 6
the impinger. Due to the small concentration of the analysed particles 
(upstream concentration of the generated monodisperse aerosol was between 
102 and 104 cm-3) and short sampling time for a certain particle size, 
reaerosolization of the collected particles was assumed to be neglible. Particle 
loss on the fritted nozzle tip was measured by drawing a monodisperse 
aerosol through the empty impinger and calculating the difference between 
the particle number concentrations measured upstream and downstream from 
the impinger. 
3. Results and discussion 
3.1. Solvent droplets 
Size distributions of solvent droplets produced by bubbling particle-free air 
through 40 ml of solvent in an impinger with a porosity grade 1 (100–160 µm) 
are shown in Figure 2. Bubbling through different volumes of solvent or 
different porosity grades, didn’t show any difference in the shape of the size 
distributions of generated droplets, just slight differences in the number 
concentration.  Bubbling through deionized water and 50% DMSO gave 
around 2 x 105 and 6 x 105 particles cm-3, respectively, with 99% of the 
number of particles below 40 nm in size (Figure 2). For these two solvents, 
measurements below 40 nm were not performed due to the high number 
concentration of solvent droplets compared to the number concentration of 
particles drawn from the chamber. On the other hand, bubbling through cell 
media gave around 7.7 x 105 particles cm-3 and a size distribution that was not 
suitable for collection efficiency measurements because over the whole 
aerosol sampling range (13–220 nm) it gave a much higher number of solvent 
droplets compared to the number of particles drawn from the chamber. 
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Bubbling through heptane produced barely any particles (~30 cm-3). (INSERT 
FIG 2) 
3.2. Nozzle loss 
In order to assess the fraction of the total number of particles that are trapped 
in the fritted nozzle tip of the impinger (“nozzle loss”), monodisperse aerosol 
was drawn through the empty impinger and the number concentration 
upstream and downstream of the impinger was determined as described in 
the experimental section. Nozzle loss was calculated as: 
ηnozzle loss = 1001 ×⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
upstream
downstream
N
N ;   Vsolvent = 0                                                (1) 
As shown in the Figure 3, in all three cases particle losses on the fritted 
nozzle increases as the particle diameter decreases. This is due to the fact 
that the probability of the diffusional deposition on the fritted nozzle increases 
with decreasing particle size. In addition to that, particle losses on the 
impinger with the porosity grade 2 (40–100 µm) are substantially higher than 
for the impinger with the porosity grade 1 (100–160 µm) and coarse frit (170–
220 µm) of SKC midget impinger. Higher particle losses in the case of the 
impinger with porosity grade 2 are due to the higher density of the glass frit. 
Despite the difference in the porosity, there is no significant difference in 
particle loss between the impinger with porosity grade 1 and the SKC midget 
impinger. That might be explained by the difference in the shape of the fritted 
nozzle tip and, thus, the difference in the contact surface area between the air 
and the tip – the impinger with the porosity grade 1 had a disk shaped fritted 
tip, while the SKC midget impinger had a cylindrical fritted nozzle tip and 
greater contact surface. (INSERT FIG 3) 
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3.3. Collection efficiency 
Keeping in mind that a significant portion of particles are trapped in the fritted 
part of the impinger, two questions were addressed: 1) what portion of the 
total particle population was removed by the impinger/frit system, and 2) what 
portion of the total removed particles are done so in the bubbling solution 
alone? These efficiencies were described as removal and solvent capture 
efficiency, respectively, and were calculated by using the following formulae: 
1) removal efficiency: ηremoval = 1001 ×⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
upstream
downstream
N
N ;   Vsolvent ≠ 0            (2) 
2) solvent capture efficiency: ηsolv.capture = ηremoval – ηnozzle loss                   (3) 
Figure 4 shows the removal and solvent capture efficiencies of impingers with 
porosity grade 1 fritted nozzle tip for two different volumes (40 and 20 mL) of 
heptane and water. Considering the small sizes of the analysed particles, 
diffusion was thought to be the dominant deposition mechanism. In agreement 
with this is our finding that using 40 mL (9 cm height of the liquid) of either 
water or heptane results in higher collection efficiency than using 20 mL (4.5 
cm height of the liquid) of the same solvents. A higher level of liquid means 
there is more time between bubble formation at the fritted tip and bubble 
bursting at the surface of the liquid and, thus, more time for particles to diffuse 
from the air inside the bubbles into the liquid. Figure 4 also shows that there is 
a significant difference in the efficiencies of the impingers depending on the 
type of solvent used. Values for collection efficiency obtained with water as a 
collection liquid were on average 35% higher than the values obtained with 
heptane. For particles smaller than 120 nm, values obtained for 50% DMSO 
were almost the same as those obtained for water. For sizes bigger than 120 
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nm, values for 50 % DMSO were slightly smaller than those for water (5% 
difference between efficiency values). These results show that, not only 
volume, but also the type of the collection liquid affects the collection 
efficiency. (INSERT FIG 4) 
When frit porosity grades are compared (Figure 5 A), values of removal 
efficiency for  the impinger with porosity grade 2 are nearly two times higher 
then the values obtained for the impinger fitted with a frit of porosity grade 1. 
This is not surprising, considering high particle deposition in the porosity 
grade 2 fritted nozzle tip (Figure 3). This, in turn, results in a small portion of 
particles passing through the fritted nozzle tip, which reduces solvent capture 
efficiency. Indeed solvent capture efficiency is observed to decrease with 
decreasing particle size over the whole measured size range (Figure 5 B), 
with particles smaller than 80 nm have solvent capture efficiencies less than 
10%. Impinger with porosity grade 1 does not show such a declining trend for 
solvent capture efficiency, but has more uniformly distributed efficiency values 
around 20 and 30% for 20 and 40 mL of heptane, and 30 and 45% for 20 and 
40 mL of water.  (INSERT FIG 5) 
Using 10 mL of heptane or water, the removal and solvent capture efficiencies 
of the commercially available SKC midget impinger were determined (Figure 
6). Values obtained for 10mL volumes were slightly lower than for porosity 
grade 1 impingers using 20 mL of collection liquid. Once again, values for 
water in this case were higher than for heptane. These results confirm that 
type of the collection liquid affects the collection efficiency. (INSERT FIG 6) 
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4. Conclusion 
This study arises from the requirement to find a suitable method to collect 
ultrafine particles into liquids with minimal alteration of surface characteristics 
prior to chemical analysis. Liquid impingement was thought to be a suitable 
approach, yet previous studies reported low collection efficiencies of ultrafine 
and submicrometer particles into some commercially available impingers. 
Values for the removal efficiency of the impingers with the fritted nozzle tip 
were substantially higher than the previously reported values, but mainly due 
to the high deposition of particles in the fritted nozzle tip, especially in the 
case of the finer porosity grade.  In other words, removal efficiency is a 
combination of the filter-like behaviour of the fritted tip and liquid impingement.  
Removal efficiency can be considered as collection efficiency and used in the 
necessary calculations, but sonication should be employed after the sampling 
to remove the particles, or at least their soluble components, from the fritted 
tip into the liquid. For viable aerosol sampling (e.g. viruses), solvent capture 
efficiency should be taken into account when quantitative measurements are 
performed due to the fact that deposition on glass frit has a deleterious effect 
on viability of such aerosols. 
Values for solvent capture efficiencies were higher than 10%, which has been 
previously reported (Hogan et al., 2005). Our values for the solvent capture 
efficiency of impinger with porosity grade 1 (100–160 µm) range from 20 to 
45%, depending on the type and volume of the solvent. This confirms that the 
increased dispersion of airstream into bubbles will increase trapping of 
particles by the liquid. Due to the variability of the results based on the 
sampling liquid, volume (i.e. residence time), porosity grade and shape of the 
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glass frit, the best approach in terms of obtaining quantitative results using 
this method of collection, would be to determine collection efficiency for the 
specific collection system (solvent, volume, porosity, etc). 
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FIGURE CAPTIONS 
 
Figure 1. Schematic representation of the experimental set-up. 
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Figure 2. Droplet size distribution generated by bubbling particle-free air at 1 L 
min-1 through 40 ml of solvent (water, 50% DMSO or cell media) in impinger 
with frit porosity 1. 
 
 
Figure 3.  Particle losses on the fritted nozzle tip for the impingers used in this 
study. 
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Figure 4. Removal efficiency (A) and solvent capture efficiency (B) of the 
impinger with the porosity grade 1 fritted nozzle tip operating at 1 L min-1 for 
two different volumes (40 and 20 mL) of heptane and water. 
 
 
Figure 5. Removal efficiency (A) and solvent capture efficiency (B) of the 
impingers with the porosity grade 1 and 2 operating at 1 L min-1 for two 
different volumes (40 and 20 mL) of heptane.  
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Figure 6. Removal efficiency (A) and solvent capture efficiency (B) of the SKC 
midget impinger with the coarse pore size fritted nozzle tip operating at 1 L 
min-1 and containing 10 mL of either heptane or water. 
 
 
 
 
 
